mportant biological events, such as cell fate during development and initiation of various immune responses, are determined by binary cell-cell interactions. Much attention has been directed toward understanding the exquisitely specific molecular scale receptor-ligand binding that is essential for intercellular recognition and signaling. In many instances, successful engagement of a receptor with a complementary ligand on the apposing cell is, by itself, insufficient for sustained intracellular signaling and the concomitant triggering of a specific biological function. For example, the definitive event governing a mature immune response when T lymphocyte or natural killer (NK) cells interact with target cells is the formation of an immunological synapse (e.g., refs. 1-10). Concerted reorganization of the spatial pattern of membrane proteins and cell shape occurs during this recognition process (1-3). The resulting synapse is a clearly organized pattern of protein complexes, several microns in diameter, that forms at the junction between the membranes of the two cells. The mechanisms that drive the formation of synaptic patterns in intercellular junctions are not as well understood as the individual receptor-ligand binding events.
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mportant biological events, such as cell fate during development and initiation of various immune responses, are determined by binary cell-cell interactions. Much attention has been directed toward understanding the exquisitely specific molecular scale receptor-ligand binding that is essential for intercellular recognition and signaling. In many instances, successful engagement of a receptor with a complementary ligand on the apposing cell is, by itself, insufficient for sustained intracellular signaling and the concomitant triggering of a specific biological function. For example, the definitive event governing a mature immune response when T lymphocyte or natural killer (NK) cells interact with target cells is the formation of an immunological synapse (e.g., refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Concerted reorganization of the spatial pattern of membrane proteins and cell shape occurs during this recognition process (1) (2) (3) . The resulting synapse is a clearly organized pattern of protein complexes, several microns in diameter, that forms at the junction between the membranes of the two cells. The mechanisms that drive the formation of synaptic patterns in intercellular junctions are not as well understood as the individual receptor-ligand binding events.
Here, we examine whether the observed characteristics of synaptic patterns (1) (2) (3) can emerge spontaneously during cooperative interaction between populations of receptors and ligands in two apposed membranes. We consider a fluctuating twodimensional membrane containing proteins that can interact with a flat two-dimensional membrane containing complementary protein ligands (Fig. 1 ). An analogous configuration has been used (e.g., refs. 2, 7, and 10) to visualize synapse formation between T cells and supported lipid membranes. We formulate and study a model for this situation that explicitly incorporates protein binding and dissociation, lateral motion of proteins in the cell membranes, membrane mechanics (bending rigidity and tension), and protein down regulation. The results show that natural coupling of the forces due to these phenomena can lead to spatio-temporal evolution of protein patterns and cell shape resembling that observed during synapse formation in living cells. In this paper, we focus primarily on applying this general model to study the specialized junction between T cells and antigen-presenting cells (APC).
The formation of functional immunological synapses between T cells and supported bilayers reconstituted to mimic APCs has recently been observed (2) . A combination of interference reflection microscopy, fluorescence imaging, and immunoradiometric assays has provided quantitative information on the spatial pattern of membrane protein concentrations and membrane topography during synapse formation. Detailed accounts of these measurements and those with T cells and APCs (which exhibit the same phenomenology) are available (1, 2). Abbreviations: NK, natural killer; APC, antigen-presenting cell; ICAM-1, intercellular adhesion molecule-1; TCR, T cell antigen receptor; LFA-1, lymphocyte function-associated antigen-1. ¶ To whom reprint requests should be addressed. E-mail: arup@lolita.cchem.berkeley.edu.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. MHC-peptide, and intercellular adhesion molecule-1 (ICAM-1), and cell shape changes in the contact area during the formation of the T cell immunological synapse. When the physico-chemical parameters in the theoretical model developed by us in this paper are set to be those measured in the cellular environment and for the specific proteins involved in the formation of the T cell immunological synapse [MHC-peptide, T cell antigen receptor (TCR), ICAM-1, and lymphocyte function-associated antigen-1 (LFA-1)], calculated results are in near-quantitative agreement with these experimental observations. We have also studied the effects of changing MHC-peptide͞TCR binding kinetics over a wide range (antagonist to super agonist). The model predictions are consistent with a large body of experimental observations (11) regarding the correlation between TCR͞MHC-peptide dissociation kinetics and biological outcome. A possible mechanism for this correlation is suggested. Our results also shed light on why the immunological synapse for NK cells exhibits a pattern that is inverted (3) compared with that observed for T cells. The effects of altering parameters that characterize membrane mechanics and receptor protein mobility on synapse formation are also briefly explored using our model.
The results reported in this paper suggest that the cell membrane environment modulates receptor-ligand binding in a way that balances forces because of membrane constraints, protein binding and dissociation, and mobilities, such that complex synaptic patterns can emerge spontaneously. Active cellular interventions (e.g., directed cytoskeletal rearrangements) can amplify or regulate these spontaneous processes.
Model Description
In the system we study (Fig. 1) , spatio-temporal evolution of membrane proteins is driven by coupling between receptor- ligand binding͞dissociation, protein mobility, and membrane shape changes. The concentration gradients driving transport of uncomplexed membrane proteins are largely determined by the rates of receptor protein binding͞dissociation with complementary ligands on the apposing membrane. The ability of the proteins to react and form complexes depends on their size, elasticity of tethering to the membrane, and local separation between the membranes. This coupling is an illustration of the ways in which receptor-ligand binding, membrane shape changes and elasticity, and flux of membrane proteins are inextricably linked. The topographical difference between different types of receptor-ligand complexes (e.g., 42 nm for the ICAM-1͞LFA-1 complex and 15 nm for the TCR͞MHC complex (12, 13)) provides another source of coupling between receptor-ligand binding and membrane shape. The average separation between the two membranes in a particular region is influenced by the local concentrations of different receptor-ligand complexes. Membrane shape changes that lead to deviations in the average intermembrane separation in a local region from the value expected from a consideration of the natural lengths of the receptor-ligand complexes incur energy penalties. The intrinsic membrane shape changes depend on the surface energy (14) , which is represented by phenomenological parameters that penalize the creation of new area (tension) and high curvature surfaces (bending rigidity). The model also incorporates a mechanism to account for TCR down regulation (15, 16 ).
The physical phenomena described above can be represented mathematically by Smoluchowski (or reaction-diffusion) equations (17) coupled to a time dependent Landau-Ginzburg model (18) . These equations, which describe the time evolution of the spatial pattern of membrane protein concentrations in the intercellular junction and membrane shape, are:
where the symbols are defined in (19) . A simple approach used commonly to analyze experimental data is to lump these effects and consider the on rate to depend only on intermembrane spacing (z). Consistent with this approach, in Eqs. 2, we take the on rates for receptor-ligand binding to be Gaussian functions of z to reflect the effects of orientational flexibility, elastic tethering, etc., in a coarsegrained way (details in Methods).
Methods
The model equations were solved numerically by using a straightforward finite difference scheme. Initially, the membrane proteins were distributed uniformly on the membranes, and no flux boundary conditions were imposed far away from the edge of the contact region. Initially, the upper membrane was given a parabolic shape, and the intermembrane distance was held constant far from the edge of the contact region (see Fig. 4B ).
The results are insensitive to Ϯ5-nm changes in the initial intermembrane spacing. (27, 28) (2), have been used to obtain the dependence of two-dimensional K d on z. The results are presented in terms of a confinement thickness, and the two kinds of experiments yield very different results (confinement thickness ranging from 5 nm to 1 cm). We use a Gaussian distribution centered around z ϭ z j for k on (z); calculations have been carried out with the widths of the distribution equal to 5 nm and 13 nm. The values of the parameters make clear that the thermal noise terms in Eqs. 2 can be ignored at room temperature.
Results

Phenomenology of the T Cell Immunological Synapse.
To apply the general model described above to the T cell immunological synapse, we include TCR down-regulation in Eqs. 2. TCRs that have been engaged with the MHC-peptide for a sufficiently long time () are triggered and ultimately internalized by the cell (i.e., down-regulated). This phenomenon is treated in the simplest possible way after the serial triggering model of Lanzavecchia and coworkers (15, 16) . TCR͞MHC-peptide complexes dissociate into two possible sets of products: MHC-peptide and triggered TCRs (with kinetic constant P⅐k off ; P ϭ exp [Ϫk off ]) or MHC-peptide and untriggered TCRs [with kinetic constant (1 Ϫ P)⅐k off ]. The triggered TCRs are down-regulated, and the others return to the pool of available TCRs.
The reaction rate coefficients, diffusion coefficients, membrane tension, and membrane bending rigidity that describe the processes included in the theoretical model have been measured for living cells and the proteins involved in T cell synapse formation (detailed in Methods). The measured values are not intrinsic properties of isolated phospholipid membranes and the relevant proteins; they depend on the cellular environment. For example, experiments have shown that the values of membrane tension and bending rigidity for cells that do not express talin (a protein connecting the lipid bilayer to the cytoskeleton) are 75% lower than that measured for wild-type cells (22) . In this way, the cytoskeleton (and possibly other cellular structures) exert a passive influence on global membrane properties and, correspondingly, on synaptic pattern formation. The calculations described here incorporate such passive effects by using parameters measured in the cellular environment. The cytoskeleton is also known to play an active role in the formation of the T cell immunological synapse (4, 5, 31) . These active effects of the cytoskeleton and other cellular factors are superimposed on the spontaneous pattern formation considered here. Fig. 2 shows a comparison of spontaneous temporal evolution of membrane shape and the spatial distribution of MHC-peptide and ICAM-1 with experimental observations (2) of synaptogenesis in T cells. The self-organizing patterns predicted by the model are strikingly similar to the experimental observations. ICAM-1 engages first in the central region of the contact area with a ring of MHC-peptide enclosing it. The MHC-peptide is then transported inward, and ultimately the pattern inverts with MHC-peptide in the central region surrounded by ICAM-1. The cell shape also evolves, with the periphery of the contact region being in closest apposition in the early stages of synapse formation whereas the central region is closest for the mature synapse. The length and time scales characterizing different stages of the evolving patterns and cell shape are in rough quantitative agreement with experiments. Minor differences may ref lect active modulation by other factors in the cell or differences in the nature of boundary conditions between our model and the cell. One such difference is apparent at the synapse periphery during early stages of synapse formation (between 0.5 and 3 min): in addition to the MHC-peptide ring, which encloses ICAM-1 in the central region, engagement of ICAM-1 at the periphery of the synapse is predicted by the model, a feature not observed in the cellular system.
In Fig. 2 , we make a quantitative comparison between results of our model and observations of synapse formation between a T cell and a supported membrane (2) . Because the qualitative features observed in experiments with T cells and APCs are similar (1), our model is also consistent with the phenomenology observed in these experiments. The similarity between the spontaneously evolving patterns predicted by our model and experimental observations with living cells suggests that the essential features of synaptic patterns can emerge because of self-organization processes. The self-organization processes result from the way in which the membrane environment modulates and coordinates receptor-ligand binding (see below).
Effect of TCR͞MHC-Peptide Binding
Kinetics. An essential function of the TCR is to distinguish between different MHC-bound peptides. Cellular behavior is known to be strongly correlated with the dissociation rate (k off ) for the TCR͞MHC-peptide complex (11, 20, 32) . For example, the agonist peptide MCC 88-103͞E k is characterized by k off ϭ 0.06 s
Ϫ1
, the weak agonist peptide MCC 102N͞E k exhibits k off ϭ 0.44 s
, and the antagonist peptide MCC 102G͞E k has a value of k off ϭ 5.1 s Ϫ1 (11). We have carried out calculations by using our model for values of k off spanning four orders of magnitude (0.01 s Ϫ1 to 100 s Ϫ1 ), thus encompassing a wide range of MHC-peptides. T cell proliferation, cytokine production, and other requisites for a mature immune response do not occur if the accumulated MHC-peptide in the intercellular junction is below a threshold value (Ϸ60 molecules͞m 2 in ref. 2) . Using this observation along with the spatial pattern of proteins as criteria for effective synapse formation, our calculations show (Fig. 3) that only MHC-peptide complexes that bind TCR with k off in a narrow range (spanning one order of magnitude) lead to spontaneous pattern formation with synaptic characteristics. This finding is consistent with experimental observations that the off-rates of TCR binding to MHC-peptide molecules fall in a similar narrow range (11, 32) .
Results of our calculations (see Fig. 3 ) show that differences in k off are amplified by the cell membrane environment to affect biological outcome (i.e., synapse formation). This finding is consistent with experimental observations of the strong correlation between values of k off and biological activity (11, 20) . Although we comment briefly on the origin of this behavior later, dissection of the amplification mechanism requires more exhaustive experimental and theoretical studies.
Keeping all other parameters the same, we have carried out calculations with a value of k on that is 500 times larger than that for TCR͞MHC-peptide binding. In this case, the synaptic pat-tern fails to invert; i.e., a pattern with accumulated MHCpeptide in an outer ring and ICAM-1 in the middle is sustained for over 15 min. Intriguingly, this type of synaptic pattern has recently been observed for NK cells (3) where k on for killer cell Ig-like receptor-1 (KIR1)͞MHC-peptide binding is known to be 300 times larger (33) than that for TCR. It is worth remarking that synaptic patterns in NK cells are known to form without cytoskeletal motion (3), thus underscoring our hypothesis that synaptic patterns can form spontaneously.
Self-Organization Mechanisms During Synaptic Pattern Formation.
Junction formation begins by the engagement of LFA-1 and ICAM-1 in the center because that is the region of closest approach and this complex has a natural length that is longer than the TCR-MHC-peptide complex. Occupation of the central region by the longer ICAM-1͞LFA-1 complex leads to a pivot effect (2) that can bring the membranes into sufficiently close apposition at the periphery of the contact region to allow MHC-peptide binding to TCR. These effects cause TCR͞MHC-peptide complexes to form in a ring outside the central region in the early stages of synapse formation. This first stage of junction formation is complete in about 1 min in both our calculated results and the experiments. Fig. 4A shows the formation of a ring of TCR͞MHC-peptide complex within 1 min.
Binding provides a concentration gradient for the transport of uncomplexed proteins to the intercellular junction. Transport toward the center of the junction occurs because of the spatial asymmetry in the concentration gradient of the free MHCpeptide molecules. Fig. 4A shows the MHC-peptide transport process by plotting the concentration profile of bound TCR͞ MHC-peptide complexes along a cross section at various times during the transport process. As a result of the relatively large value of k off for TCR͞MHC-peptide binding, and the higher mobility of free proteins in a single membrane compared with a bound complex, the TCR͞MHC-peptide complex effectively moves faster than LFA-1 and ICAM-1 toward the center of the T cell͞APC junction. The importance of k off in MHC-peptide transport is underscored by the results shown in Fig. 3 . If k off is too small, then MHC-peptide transport to the center of the synaptic junction does not occur (e.g., see MHC-peptide concentration pattern in Fig. 3 for k off Ͻ 0.1). If k off is too large, MHC-peptide is spread over a very large region with a low concentration (e.g., see MHC-peptide concentration pattern in Fig. 3 for k off Ͼ 10) .
At first glance, there appear to be two important time scales in the problem: the time associated with protein mobility and that associated with receptor-ligand binding kinetics. However, it is important to understand that the time associated with receptor-ligand binding is inextricably linked to membrane shape changes and fluctuations. Apposed TCR and MHCpeptide molecules in the two membranes can bind only if the intermembrane spacing, membrane fluctuations, and membrane elasticity allow the receptor-ligand pairs to be sufficiently close. Thus, it is more useful to think in terms of an effective reaction time that depends strongly on the membrane characteristics. Eqs. 1 and 2 embody the complex dependence of the effective reaction time on the membrane characteristics and the actual reaction time. In our model, the dependence of the effective reaction time on membrane characteristics provides the mechanism for amplification of effects due to changes in k off on synapse formation. The strong dependence of synaptic pattern formation on membrane characteristics is also made clear by the following results. Experiments have shown that cells that do not express talin (a protein that links the cytoskeleton to the lipid bilayer) have values for the tension and the bending rigidity that are 75% less than those for wild-type cells (22) . Disruption of the cytoskeleton by using cytochalisin D is also known to disrupt synapse formation (2) . We have carried out calculations with our model with values for the tension and bending rigidity that are 10% of those used to obtain the results in Fig. 2 . We find that functional synaptic patterns do not form. In particular, multiple rings with low concentrations of MHC-peptide and ICAM-1 are observed; these multi-ring patterns are not sustained for long.
As is clear from both experimental results (2) and our calculations, the evolution of the TCR͞MHC-peptide concentration shown in Fig. 4A and Fig. 2D is coupled with membrane shape changes. Smaller values of the average intermembrane separation are favored in regions where TCR͞MHC-peptide exists because of its shorter natural length (Ϸ15 nm). When a sufficient number of MHC-peptide complexes have migrated to the central region, the average intermembrane separation no longer favors the LFA-1͞ICAM-1 complex (Ϸ42 nm). This driving force, along with the important fact that high surface energy shapes of the cell membrane are unfavorable, leads to the outward migration of LFA-1͞ICAM-1. Fig. 4B plots the evolution of the average intermembrane separation that occurs concomitantly with MHC-peptide transport.
After MHC transport is completed, the region with a high concentration of TCR͞MHC-peptide begins to shrink. This results from TCR down-regulation and membrane retraction because of the thermodynamic force driving the cell membrane to acquire its spontaneous curvature.
Concluding Remarks
Our results suggest that evolution has provided an environment for cell-cell recognition wherein an intricate coupling and delicate balance between forces due to binding of more than one type of receptor-ligand pair, membrane shape changes, and protein transport lead to spontaneous evolution of synaptic patterns. This inherent ability to form self-organizing synaptic patterns in the intercellular junction is further faceted by active feedback mechanisms (e.g., directed cytoskeletal motion). The model we have described helps provide an understanding of how the amplification, suppression, or absence of certain key forces can regulate synapse formation. For example, it shows how the TCR͞MHC-peptide dissociation rate affects the ability to form synapses. Our results also illustrate how dynamic interactions between just a few proteins, when mediated by the cell membrane environment, can generate functional complexity far exceeding the capabilities of individual receptor-ligand binding.
Synapse organization is rapidly emerging as a broadly significant feature of molecular recognition between cells. Our understanding of how the membrane environment modulates receptor-ligand binding to create synaptic patterns is still immature. We believe that further work with sophisticated descendants of the model described in this paper and synergistic experiments with living cells and reconstituted systems will prove useful in developing a better mechanistic understanding of the key factors that modulate synapse formation and resulting cellular behavior. Such an understanding of the immunological synapse would have important implications for developing modalities to control the immune response and its aberrant regulation. This understanding can also be used to design synthetic systems capable of mimicking recognition processes in biology.
